AUTHOR SUMMARY
Chemical-induced dimerization (CID) is used to facilitate the spatial proximity of proteins using a chemical compound, known as a "dimerizer," which acts as "molecular glue." CID has become an important tool in the field of chemical biology for deciphering the cellular functions of proteins. Here, we introduce a CID system based on the natural product fusicoccin and show that this molecule can be used to direct proteins to various subcellular localizations, such as the nucleus, the plasma membrane, or the cytoplasm, where it induces physiological events such as the secretion of IL-8, an immunoregulatory protein produced by white blood cells. In addition to basic research applications, this system potentially can enable chemical control in a therapeutical/clinical setting, for example, by directing the release of insulin or human growth hormone.
Proteins investigated using CID are fused to protein modules that bind to each other upon the addition of a dimerizer. The first and most widely used CID systems were introduced by Schreiber, Crabtree, and coworkers (1-3) and use the immunosuppressants FK506, rapamycin, and their derivatives as dimerizers. We used the natural product fusicoccin as a dimerizer to stabilize the interaction between the C terminus of the plant plasma membrane H + -ATPase and 14-3-3 adapter proteins (4). Hence, we created fusions between the protein to be investigated and either 14-3-3 or the C terminus (CT) of the H + -ATPase. To demonstrate the usefulness of this system and to monitor microscopically the effects in living cells, we fused GFP and a red fluorescent protein, mCherry, to our protein constructs (Fig.  P1 ). By attaching cellular localization signals to one partner of the 14-3-3/CT protein pair, we were able to direct the fluorescent proteins, which were fused to the other partner, to a specific subcellular localization upon the addition of fusicoccin. In one example, we fused the p65 subunit of the transcriptional activator NF-κB to CT (p65-CT, Fig. P1A ) and mCherry. The second construct (Fig. P1A) contained a fusion between a 14-3-3 protein, a nuclear localization sequence (NLS), and GFP. A human cell line was cotransfected with both constructs to demonstrate that, as expected, the 14-3-3-NLS-GFP protein was localized in the nucleus and the mCherryp65-CT construct was found in the cytoplasm (Fig. P1B) . Application of fusicoccin to the cell medium triggered the nuclear importation of mCherry-p65-CT and the induction of the NF-κB target protein, IL-8. Importantly, fusicoccin-induced effects could be reversed easily by rinsing the cells with FC-free culture medium (Fig. P1C) .
Our fusicoccin-based CID is a widely applicable, fast, and reversible system that uses an inexpensive, commercially available chemical ligand. Certain mechanistic features of fusicoccin set it apart from other chemical dimerizers: Fusicoccin binds specifically, with effective affinity, to the binary complex of 14-3-3 and CT, preventing unproductive interactions with the single components. Furthermore, the physiological target is present only in plants, thus limiting the potential adverse effects of this compound in mammalian cells. Taken together, our findings demonstrate that this system ideally complements existing CIDs and will expand considerably our chemical biology tool box for the cellular analysis of protein functions. 
